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Resonant x-ray magnetic scattering at nonmagnetic ions
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An explanation is given for the resonant x-ray magnetic scattering effects Ktebge of nonmagnetic ions
observed by Mannit al. [Phys. Rev. Lett86, 4128 (2001)]. By using a description that goes beyond the
usual fast-collision approximation, we can relate the scattering amplitude to the orbital moments on sites
neighboring the nonmagnetic ion where the absorption takes place. The finite scattering amplitude is directly
related to the resonant process, which explains the strong enhancement over the nonresonant intensity.
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Resonant x-ray magnetic scatterifl@XMS) and x-ray wheree; ande are the initial and final polarization vectors
magnetic dichroisn{XMD) are powerful tools for studying of the light, respectivelyf w is the photon energy, is the
magnetic properties:® Integrated intensities of the spectra lifetime broadening in the intermediate state, atids the
can be directly related to ground-state properties, such adamiltonian of the system. In spherical coordinates, we can

(L,) and(S,).*® These sum rules are commonly used foryrite the components afasr, = rC(F), whereC'(f) is the

excitations into shells with well-established magnetic mO-renormalized spherical harmonic tensor with components
ments, such as thed3and 4 shells of transition metals and | (1) = VA=Y (), with — [II7---]=(21+1)(2"

rare earths, respectively. However, for excitations into other,® )-
shells the situation is often more subtle. An example is the
magnetic circular dichroism of thedsband at thel edges of 11 w)=P% |FL |2 2
the rare earth§.Here the largest contribution to the XMD (& 8,0) =Pl F(6 8 )% @
intensity is not the B magnetic moment, but the change in where
2p—5d dipole matrix elements by the largd 4noment. .

Even more surprising is the RXMS ob_served at t_he Pls,4p:f rles(r)R4p(r)dr 3)
edges of nonmagnetic anions, such as Ga in 4@ As in 0

UAs 8 Here, there is no large moment on the ion that could . . . . .
explain the presence of a finite scattering amplitude. In aggives the radial matrix element of the dipolar transition from

dition to that, resonant enhancements of more than three opje Ga or AsK edge. The scattering amplitude’ can be

ders of magnitude over the nonresonant intensity are Obwritten as
served. The most obvious explanation for these 1 s ik 1,7

enhancements is a very small nonresonant scattering ampli- Fi(e.&,0)=(g|&;-C*(NG(w)C(r)-eg), (4
tude. Since this amplitude is proportional i¢ko—k¢)-A  where the Green's function is given b§(w)=(hw—H
+3(ko—ki)-B whereA andB are polarization vectors de- +i'/2) 1. Note that whereas RXMS is obtained from
termined byko, &, k¢, &, andL and S are the Fourier |Fl(e,e,w)|?, the XMD spectrum is proportional to

transforms of the orbital and Spin magnetization denSitieS[,m[Fl(Q & ,w)], Showing the intimate relation between
respectively, a small scattering amplitude directly implies axmMD and RXMS.

small magnetic moment. However, since the standard RXMS It is common to recoup]e the Scattering amp”tude from
sum rule§ relate the scattering amplitude tp 4round-state Eq. (4) into a geometric and electronic part using
expectation values df,, this would immediately imply that
also the resonant magnetic scattering amplitude is small. AT L1 el al’1x
This is clearly in disagreement with the experimental data. (a-b)(c -d )_g [x]fac J*-[b'd T% ®)

In this paper, we show that a finite scattering amplitude
can still be obtained if we include the effects of the neigh-where a shorthand notation is introduced for the coupling of
boring magnetic sites. By going beyond the commonly usedwo tensors with $ symbols:
fast-collision approximatiofiY we show that the excited

--. We can now write

electron probes the neighboring magnetic ions. This leads to , _ ' |’

a scattering operator for excitations at thedge that can be [a'Sb ])f(:g, (-1 X( - )\,)a')\Sb)\, G

expressed in ground-state expectation values of the nearest-

neighbor orbital moments. where there is the possibility of adding a scafre.g., a
The intensity of RXMS in the dipole approximatidhis  Green’s function, a Hamiltonian, or unity. After recoupling,

given by we havé

P 1 ? Fler,6,0)=2 U(e,6,)-FX(w), )
(e &, 0)=0lef To—F 7 6l . (D X
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where the dependence on the polarization vectors is given b¥E+iF/2)7l' whereE is the average energy of the spectral
U™ and the spectral line shapes are giver/y. Note that  |ine. Here, the spectral line shape is mainly determined by
for a dipolar transition there are three independent spectrane Ga or As bands. The scattering amplitude can then be
The recoupling allows us to study the different fundamentalwritten in terms of valence shell ground-state expectation
spectra separately. The spectra can be obtained by takinglued®%as

different combinations of polarization vectors. The different W = . .

resonant scattering spectra are given>by0, 1, and 2, F5'=G(w)Ag1p(Wo)p (12)
where, e.gx=0 is the isotropic term anat=1 is theo  \here the constam,, reduces tdp]~* for dipole transi-
—r scattering(note that for XMD,x=0,1,2 correspond t0 {jons c=p-1).10 Not’()a that the constamt®,, couples the
isotropic, circular dichroic, and linear dichroic spectra, re-core levelc to the vale’nce levep via the ccilpole operator
spectively. The angular dependence of the scattering is NnowWwhich is a tensor of order)1leading to ground-state hole

contained in the function expectation values of tensors of orderThe ground-state
I . hole expectation values are defined as
U™ (er,&)=[x][& e ] nix, (8)
X
where the normalization constants (W)=, (_1)Pk( p)\ 0 f)(pxpl)npxl. (13
- _

n :< x| ) 9) We find that the isotropic scattering amplitude<(0) is pro-
Tl 0 portional to the number of holes in the shell, (w3),
=(np)p. Forx=1, the c— 7 scattering amplitudeor cir-

serve to remove the square roots of the @f.“bc?'s- The cular dichroism in the case of XMDss proportional to the
square-root terms are needed for the normalization of wavée

. . . l _ . _
functions. However, when dealing with physical quantities, itnormahzgd orbital moment, "e.<'W0>p_<|.‘Z>p/p' In thls.ap
is advantegous to remove the square rédEor dipolar iso- proximation, theoc— 7 scattering amplitude is zero in the

tropic resonant scattering, we then haéh=1. For mag- abs%nggtgifnag ﬁ;ﬁiaégﬁr;ﬁ: ! amplitude on a nonmagnetic
netic scattering measured in tlee— 7 channel, only thex g amp 9

=1 contribution remains and the angular dependence is d(?s:_lte, we have to go beyond the_fast-colhspn approximation.
termined by or RXMS this leads to a finite scattering intensity. For

XMD, the total intensity sum rule is exact and the inclusion
i A of extra terms in the Green’s function does not give a finite
Usle ,ef)=—§(e¥c xe)-z, zeroth moment, i.e., integrated intensity, but leads to the
presence of higher moments in the spectfhen includ-
ing hybridization, we find for the lowest terms in the Green’s

giving the usual K;-z)“ dependence function

The spectral line shapes are determined by
G=G+GV'GVG+GV GHyGVG, (14)

where we concentrate on the terms that lead to a finite

where the transition operators in second quantized form fol-_ scattering. The first term on the right-hand side is the

low from ap_plyling the Wigner-Eckart theorem on the spheri-tyqt_colision approximation and it will have a very small
cal harmonicC, contribution. The other two terms are schematically given in
1 ¢ Fig. 1. The second term describes the hopping to a valence
Ti= E cl —1)PA P T shell on a neighboring uranium site and it can give a finite
q <p|| ||C>( ) _ p)\(rcy(r! . . . .
Ayo AN q oy scattering amplitude if that shell has an orbital moment, for
(11 example, in UAs and UGa direct hybridization of the g

+ with the uranium 5 shell. It can also hop into the uranium
wherec andp' create a core hole and valence electron, re,

; 6d. However, since the magnetic moment in that shell is
spectively(for Ga and Asc andp correspond to 4 and 4p, S . .
; . small this will not strongly contribute to the scattering am-
respectively. The angular- and spin-component quantum’_. . . .
numbers are\ ando=1,|. In the remainder, the reduced plitude. The third term describes the hopping to a valence
. SOl : Y shell on a neighboring site with a small or zero magnetic
matrix element will be set to unity and spin quantum num-

bers are suppressed. As a result of the svmmetry of thmoment where the electron interacts with a moment in a
pp ' ymme %X different shell on that neighboring site. In the case of UAs
ground state, the only componentff* that remains iy .

Wh e th tteri litude in t f the dif and UGa, the excited electron hops from the 4hell into
en we write the scattering argp| ude gnTerrr(lgs OFthe dithe uranium @l shell, where it interacts with thefSmoment.
ferent polarizations of the lightF;=(g|(T;) 'GTjlg), the

~\YI : In the remainder, we assume that thehell is surrounded
energy dependence of the scattering indhe m channelis  py gjx nearest neighbors in a cubic environment and the

given byFg'= ]‘—%_]:1—.1- Note, that for x-ray absorption this  magnetic moment is parallel to tH@01] crystal axis. This

corresponds to the difference of the spectrum for left andsjtyation corresponds to that of UAs. We will now formally

right circularly polarized light. _ _ prove that angular momentum can only be transferred along
Sum rules for magnetic scattering can be derived by usinghe axis of the magnetic moment, i.e. thaxis. The hybrid-

the fast-collision approximatioh? i.e., G(w)=G(w)=(%w ization is then given by

FX=(g|[(TH'G(w) T g)ny, (10)
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tion to the scattering amplitude. Far hybridization withx
=1, one hasnplc(l)(a):ll[p]cose, which is zero foré
= /2. Therefore, fox=1 a nonzero scattering amplitude is
only obtained for ther hybridization matrix elements along
the z axis. No angular momentum is transferred in the
plane if the moments are along tkeaxis since the angular
momentum information is lost in the hybridization process
5d which involves a combination of = =1 orbitals. However,
along thez axis only orbitals with equal couple with each
other and angular momentum information can be transferred.
Af Note that, since we are looking at theedge, the scattering
is only sensitive to angular momentum and not to spin.

In the perturbation series approach in Efj4), we can
simply add the contributions from the neighboring sites. For
our purposes, it is convenient to write the hybridization
along thez axis as a Clebsch-Gordan coefficient. For our
purposes, it is convenient to write the hybridization along the
z axis as a B symbol; fork=1 one has

Ga,As U I« p
Vo= V2L Vo2 (=17 g | 1pa
FIG. 1. Schematic picture of the different ways an excited elec- A
tron on the Ga or As atom can interact with the uranium moment. (19

First, it can directly hop into the polarizedd6or 5f shell and
“probe” the moment. Secondly, it can hop into the &hell and
interact with the $ moment.

The scattering amplitude can now be written as a product of
3j symbols of the hybridization and the dipole matrix ele-
ments. This can be simplified by the use of spherical tensor
algebrat! For the second term on the right-hand side of Eq.
v=> 3 DY i(RVerDf(R), (a5 (4 welind

AN

FX(w)=V3,_G3(w)(W, 20
whereD'X L(R) are rotation matricé$ that transform the or- 0 (@) =VpiG (@) (W) (20

bitals to a new coordinate system with itsaxis pointing ~ With the operator
towards the nearest neighbor at posit®n
The hybridization along the newaxis is diagonal WII% AKZ (W), (21)

Voir=VpiolhoPot Vpia(lfiP1+ 1k -1P-1).  (16) - |
The coefficients are given by
wherel },, creates an electron at the neighboring uranium site

R with angular quantum numbey, andV, andV,, . are p X p
the hybridization matrix elements betweprand | orbitals xyz _2Llyz] « « -1 (o9
with o and 7 overlap, respectivell# We can now couple the Y y MeyMyizhax s (22)
DP rotation matrices from th& andV' with each other and Iz

make use of the relation where we have taken dipolar transitions=(p—1). This

b x result should be compared with the sum rule for RXMS in
> (—1)0—%’( o )\) D} 5/ (R)D}%(R) the fast-collision approximatior §*= G(w) A%, ,(Wg),, . We
NN see here that the constaAg};,, couples the core leved to
_ X p the valence levep, which is coupled viax to the valence
=(— 1)p>\’< o ~) Dgx_x(R)- (17) shelll on a neighboring site. The scattering amplitude is now
—NON =N A ’ expressed in ground-state expectation values of tensors of

o ; X : orderz in shell I. Note, that the order of the tensor is no
For o hybridization, we obtaimp,Co(6) with 6 the angle longer x, but is changed by the hybridization into The

betweenR and thez axis, where we have made use of the o .
normalization constants,,, are zero whenx+y+z is odd.

relation between the rotation matrices and the spherica.l. :
harmonicsi! The factorn,,, is given by® he presence o ,cy ensures thay is even, and the_refore
' xyz thatz is odd/even whex is odd/even. When evaluating the

Xy z constantsA ¢ig,,, we find
nxyz=( ) (18)
000 (Wq) = E(Weha—(Wd)a), (23
The coefficientsn,,, are zero wherx+y+z is odd. Forx ) N 14, m s, s
=1, Ny, is zero and ther hybridization gives no contribu- (W)= 12({Wo)— 5 (Wo) i+ 5(Wg)1) (24)
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for I=d andf, respectively. We see that the scattering am- 0.08
plitude is not only proportional to thew3),=(L,) /I, o
but also to higher-order moments of the electron distribu- él 0.04
tion on the neighboring site. For exampigs~ (3L2— 5L 2 v
—1)L,.13

One can also look at the combination of operators in a 0.00

different way. Note thatr— 7 scattering on Ga or As gives
Fi—F',. The effect of the hybridization is to make a tran-

sition to uranium % or 6d orbitals without changing the p 008
angular momentum. The combination of a dipole plus the %‘
hybridization with the @l shell creates an effective quadru- 0.04 /4
polar transition to a neighboring site whose spectrumdfor /¥
—  scattering k=1) is given byFZ— F2 . However, for 000 Leticd o N LZ L
normal quadrupole magnetic scattering, the &tfd terms 012345678 91011121314
are given by number of electrons
FIG. 2. The lower part shows the ground-state expectation value
F2lo r2, }‘7_-2_ E]_-z _F2 (25) squared ofV; (dashed Iin}aandW? (dotted line for different num-
0 M M bers off electrons. The expressions are given in the text. For the

exchange integrals, a typical relative strength Gf:G%:G°®
(26) =1:0.6:0.4 was taken. The thin dotted line shows the contribution
of GL. Notice the difference in behavior from the operatiy)?

. _1 1:i . .
The total scattering amplitude is an angular-dependent confuith W=7wg 2.1<LZ> (solid "ne).' The upper part shows the trend
along thef series for scattering at thél,s edges, withW

bination of F?* and F?%. We can writeF5—F2,=3(F5" 7~ "~ N
—F2%. since the sum rule for the quadrupolar scatteringgdﬁe(:v—‘:e: 583:;:;&)&3_55()2!" ~35,74T,) for the M5 and M,
amplitude into ad shell shows thaF>~(wg)4, we can ges. resp -

directly see that the scattering amplitude is proportional Qyhere G are the Slater integrals. The coefficierts are

1 3 divati
(Wo)a—(Wo)q . The same argument works for hybridization ye|ated to 3 symbolst® Solving the scattering amplitude for
with a f shell, but here we need to consider an effectiveyis interaction gives

octupolar transition. Another way to see effective higher-
order transitions created is by noting that fQr polar o Féx(w)=V§|W€4(w)(W?>. (29)
— 1 scattering the maximum obtainable rank of a tensor is o
2Q—1. Therefore, for dipolar scattering we can only probewhere the operator is given by
tensors of order onge.g.,w'~L, or S,). To measure higher
moments of the charge distribution one needs higher-order WY = xyz pz .z 29
transitions. Note that this effective higher-order scattering (We) gz ActpedBaiWo) 1 @9
process only relates to the electronic pléﬁt(, and the an-
gular partU éx still shows the typical dipolar dependence, as
observed by Manniet al®

For the 53 and 52 configurations of uranium(W;) is d 7z d
0.267 anzd 0.077, respectively. The small value for two elgc- B =3 [df] © f}Gknlean (30)
trons, <, can be understood from the small occupation in

the ground state of the angular quantum numbefs For i es the coupling of thel orbital to the magnetic moment
two holes (59, this gr_ound-state expectation value is Zero.,, the f shell via the Coulomb interaction. Note that the
The small value for 87 is a result of the coupling df andS 45 nd-state expectation values are now for fttehell, al-

to |L -] instead ofl. +S. , _ though the Coulomb interaction, being scalar, does not
Let us now turn our attention to the third term on the change the rank of the operator.

right-hand side of Eq.14). This describes the situation Evaluating the coefficients gives
where the excited electron hops to a neighboring uranidm 6

FP=F5-2F1+2F2 - F2,.

where A7, 4, see Eq.(22), describes the coupling of the
core hole to a orbital on a neigboring site and

orbital and interacts with the f5shell. Forx=1, a finite (W?>= —Z{(G*+iG3+ %GF’)(Wé)f

scattering amplitude is obtained from the exchange term in 5

thedf Coulomb interactiorithe direct term does not contrib- + (=G 2 G3+ £ G2 (wo)e} (31
ute):

For the resonant scattering te term is dominant, see Fig.
2. We find that the operator dependence-w? is the same

Hoba= 2 2 0o orCX(fo’,dN")cK(fo,dN) as that for hybridization with & shell. This can be under-
O o & TN e stood from the fact that the angular part of the exchange
ket ot Coulomb interaction is equal to an isotropic dipolar scatter-
XGH ) feoio (27 ing process between thiband thef shell
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nalization. In the type-I structurel{~126 K), UAs exhib-

its  ferromagnetic  planes  which are  stacked
antiferromagneticalf? in the sequence- —+—. We see a
finite scattering amplitude caused by a difference in reso-
nance energies fox=+1 and —1. Since we are dealing
with scattering at théK edge, spin polarization alone is not
sufficient to cause a finite scattering amplitude. Sensitivity to
spin polarization would be present for excitations at a spin-
orbit split edge. The integrated intensity of the circular di-
chroism is, as one would expect, zero. The spectrum shows

IM[G*(w)] behavior with some extra structure resulting
from the difference between the spin-up and spin-down spec-
P S R S, tra. Note, that this structure has the same magnetic and
-10 -5 0 5 10 chemical unit cell and will therefore overlap with the normal
Photon energy [eV] charge scattering.
RXMS was observed in the typéistructure(found be-
low T=63.5 K), where the stacking of ferromagnetic planes

octahedrally surrounded by sikshells which have spin and orbital Itse+:h;r;éarrilggg;?tioma?\nfgg: gp&t;?” E)Vlvellcr:ii;iso:?rgte tﬁz
polarization, see the inset. Spectra are calculated for the type-r1 ! ) ug P

(solid line) and type-A (dashed ling magnetic structures of UAs. Sites at= Rz is opposite, it is still possible to obtain a finite
The spins in the inset indicate schematically the sign of the orbitascattering amplitude since their contributions are not entirely
and spin polarization. equivalent, see the dashed lines in Fig. 3. The circular di-
chroism spectrum has now more structure. To explain this,
The trend along thé series is given in Fig. 2. Note that the spin polarization is crucial. Without spin polarization, the
the behavior is different fron{L,)?. Differences are espe- sites at+ Rz would give equalG*-type contributions but of
cially pronounced when thieshell is almost full or empty, or opposite sign. However, the contribution from the site with
close to half filling. The behavior differs strongly from dipo- the spin parallel to that of the excited electron has a some-

lar scattering at thé! edges, where also spin-dependent op~what smallerE by the spin polarization. This give&®-like

erators §, andT,) contribute to the scattering amplitude.  shape. In addition to that, the spin-up and spin-down chan-
The ratio of the integrated scattering amplitudes comingels are different as a result of the ferromagnetic coupling in

from direct hybridization with the polarlze‘(hnd from |ntgr— the planes, resulting in a spectral line shape that has a

action with the f shell via the d shell is Gb-tvpe line shape

Lg(GUT)?(Vpan/Vpra)t, where we restrict ourselves to At gPe. ; "

3 pdr ! Vpfw) » Mannix et al.° give (for the absolute intensitig®ver 16

the largest contribution coming from ti@&" term. The values

2 3 : counts/gat 200-mA synchrotron currerat the UM, s edges
for g of 2.77 and 0.33 for 5 a”?' 9% respectively, follqw and up to 8 10* counts/s for the scattering at the AS
from the ground-state expectation valuesugf for the dif- o405 The integrated intensity for scattering atithe; edge

f>er\(/ent ”wgt;ﬁ:d ?E;'?gr"s:‘asﬁiu?g?gqerétidegs?h;hgépﬁgibu is proportional toP,27/T', where we have used the fact that
phas ' P ' the integration ovelG(w)|? is 2#/T". Py is the reduced

tion from Eq.(31) is the largest. X X . )
In an independent particle framework, the interaction be__matrlx element for uranium. Using E8), we find that the

tween thed andf electrons is usually simplified to an orbital Ntegrated intensity of the scattering at the Redge is pro-

H 4 1y /2 2 2 4 7
polarization on thed shell, Hopi=AgE Ndldy . In the  POrtional 10 axycd G VpurPagcd“(27/1)". Estimates of

limit that the occupation of thd orbital can be neglected, the the absolute intensities st_rongly depend on the parameters.
scattering amplitude is directly proportional to the magnitudeThe constaniasc, also varies from two to six dep_endmg on
of the orbital polarization, the number of Ga/As ions in the system and it could pe
somewhat reduced as a result of the alignment of the spins
along thez axis. A calculation in the atomic limit using Cow-
F(l)lz_ 1_0\/2d 54(w)Ad. (32) an’s program® gives P /P,,=0.045/0.00667 and G*
3 pam =2.4 eV. Values for Ga are very similar. The effective op-
Figure 3 shows a numerical example on a small cluster oérator for the AsK edge is about twice that of the M,
the RXMS and circular dichroism for ast>np dipolar tran-  edge. Using/,,4,=0.5-0.7 eV andl’=4 eV, we obtain that
sition using orbital polarization. The shell is octahedrally the scattering intensity at the A6 edge is roughly 10-100
surrounded by six shells that have orbital and spin polar- times smaller than the intensity at theMl, s edge. This is in
ization. The parameters avg 4, = —0.5 andV,4,=1.0eV,a agreement with experimental estimates of the scattering in-
charge transfer energyy—e,=1.0 €V, an orbital polariza- tensities by Manniet al® The intensity of UAs is estimated
tion A4=0.5 eV, and a spin polarizatioh;=1.0 eV. Band to be smaller than that of UGa
effects are partially included in the lifetime broadening of In conclusion, we have studied the phenomena of reso-
I"'=5.0 eV. The spectrum has been obtained by exact diagayant magnetic x-ray scattering at tkeedge of nhonmagnetic

Intensity [arb.units]

FIG. 3. The RMXS(thick lineg and magnetic circular dichro-
ism (thin line9 for dipolar excitation at th& edge. Thep orbital is
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ions. Effectively, the excited electron probes the differentrespect to the nonresonant scattering amplitude. More ex-
moments of the orbital polarization at the neighboring sitesperimental work needs to be done to assess the trends of the
The results can be written as effective quadrupolar and octuscattering for different actinidéor rare-earthions. For tran-
polar transitions from the Ga/Assllevel into the U § and  sition metals, where the orbital polarization is small, it would
6d orbitals, respectively. Note, that the absorption process ibe interesting to study scattering at spin-orbit split edges,
still dipolar and one therefore observes a dipolar angular dewhere the excited electron can also probe spin polarization.
pendence of the scattering amplitude. In addition, the reso-

nant process is essential in obtaining a finite scattering am-

plitude, since it is the excited electron that “probes” the  This work was supported by the State of lllinois under
neighboring sites. This explains the strong enhancement witRlIECA.
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